Introduction {#Sec1}
============

The Central Mediterranean has yielded a unique funerary record whereby large and small islands in the Tyrrhenian, Ionian and Adriatic Seas were selected as burial locations by Mesolithic foragers. Mesolithic burials are known from Sicily, the Egadi Islands, Sardinia, Corsica as well as some islands of the Croatian archipelago^[@CR1]--[@CR9]^. Despite the importance of marine localities for disposal of the dead, the dietary stable isotopic and zooarchaeological data for these Central Mediterranean foragers has emphasised that marine resources (and plant foods) had a marginal role to their diets^[@CR10]--[@CR17]^. This pattern is in stark contrast to Mesolithic forgers inhabiting regions along the Atlantic coastline^[@CR18],[@CR19]^.

Recent methodological developments in the analysis of micro-fossils trapped in human dental calculus has provided a new way for assessing neglected aspects of hunter-gatherer-fisher subsistence along with non-dietary information on human interaction with varied environments^[@CR20],[@CR21]^. The potential of this method has mainly been recognised for reconstructing the relative proportion of plant foods in human diets. It has emerged that the harvesting and processing of starchy resources, such as grasses, tubers or roots rich in carbohydrates, might not have been a sole prerogative of agricultural societies^[@CR22]^. Yet, it is more difficult to assess a direct correlation between the presence of plant remains in calculus and estimations of the quantity of the plant foods consumed^[@CR23]^ while micro-debris of animal origin has rarely been recovered in ancient plaque. In addition, the recovery in dental calculus of micro-particles of materials deliberately or accidentally ingested during the performance of various activities has also proven the potential of the study of dental calculus to provide insights into aspects of individual life-ways other than nutrition^[@CR20],[@CR21],[@CR24]^.

In this contribution, we offer new insights into the complexity of Mesolithic diets in the Central Mediterranean by presenting the results of our analysis of dental calculus remains from an individual buried at the site of Vlakno Cave on Dugi Otok (Fig. [1](#Fig1){ref-type="fig"}). The analysis of dental calculus presented here will be compared with the results obtained from stable isotope analysis in order to provide an alternative view of Holocene forager dietary and non-dietary behaviour in the Mediterranean Basin as a whole.Figure 1Vlakno site location (**a**) and view of the entrance of the cave (**b**).

The beginning of the Holocene marks a period of profound environmental changes in this part of the Mediterranean, which deeply reshaped the geography of the Adriatic region and the nature of human-environment interactions. To date, attempts to understand forager subsistence dynamics and dietary preferences in this region have focused on traditional, protein-sensitive approaches, such as archaeozoological and stable isotope analysis^[@CR10]--[@CR17],[@CR25]--[@CR31]^.

Archaeological Background {#Sec2}
=========================

The site of Vlakno cave is situated on the island of Dugi Otok along the Eastern Adriatic coast of present-day Croatia (Fig. [1](#Fig1){ref-type="fig"}). The cave has yielded evidence of Late Upper Palaeolithic (Epigravettian) to Mesolithic hunter-gatherer-fisher occupation^[@CR5]^. Archaeological investigations at the site started in 2004^[@CR32]^ while systematic excavations have been on-going since 2011. A 5 m-deep test trench did not reach the bedrock and covers a possibly continuous sequence from *ca*. 18,010--17,560 cal BC at 95% confidence (Beta-302247: 16,330 ± 70 BP). Five main cultural strata (Stratum 1 to 5) have been proposed covering the Epipalaeolithic and Mesolithic periods^[@CR33]^ (Fig. [2](#Fig2){ref-type="fig"}). The upper three strata were deposited during the Holocene. Mesolithic layers start from the surface of Stratum 1 where Mesolithic deposits are mixed with intrusive Neolithic to Medieval artefacts^[@CR5]^. Mesolithic Strata 2 and 3 roughly correspond with the Boreal and Preboreal chronozones. Based on the radiocarbon measurements, Mesolithic occupation started *ca*. 9880--9370 cal BC at 95% confidence (Beta-30276: 10,060 ± 50 BP)^[@CR34]^. The chipped stone tool assemblage shows a gradual transition towards a typical Mesolithic assemblage but with strongly pronounced Epigravettian traditions. Similar subtle changes have also been identified in the ornamental assemblage, the worked flints and subsistence strategies^[@CR33]^.Figure 2Stratigraphy of the site and chronology.

The analysis of the faunal remains demonstrated a predominance of mammals (88.4% of the total vertebrate assemblage) followed by fish and birds (11.6% of the total vertebrate assemblage)^[@CR34]^. In the Early Mesolithic (Stratum 3), the most common mammalian taxon was red deer (*Cervus elaphus* L.), followed by red fox (*Vulpes vulpes* L.). In the chronologically later Stratum 2, the red fox is the predominant taxon followed by red deer. Fish remains are present in the faunal assemblage from the beginning of the Mesolithic but there is a significant increase in Stratum 2 (increasing from 1.7% to 9.5% of the total assemblage per stratum)^[@CR34]^. This difference may correspond with an environmental change, including sea level rise, with Dugi Otok becoming separated from the mainland already before *ca*. 10,194--8351 cal BC at 95% confidence (Z-3660: 9760 ± 280 BP)^[@CR35]^. Consequently, the local population of red deer may have become vulnerable and overexploited which in turn led to a diversification in subsistence strategies. Fish bones have preliminarily been identified as Sparidae (sea-breams, porgies) and Scombridae (tunas, mackerel). Taxonomically, there is a change in the bird assemblage between the two strata. Wild pigeon (Columbidae) predominates in both, but its frequency decreases in the later deposits, coinciding with an increase in taxa richness. Other taxa are represented by a few bones and include aquatic (cf. rail, duck), steppe (great bustard, *Otis tarda* L.) and some other species (birds of prey, small passerines)^[@CR34]^. There was also an abundance of mollusc shells. The most abundant are land snails *Helix* sp., showing a slight decrease in their frequency towards the younger Mesolithic levels. The second most abundant group is made up of various taxa of marine gastropods and bivalvia (*Osilinus* sp., *Patella* sp., *Ostrea* sp.) with a pattern of increased diversity in Stratum 2^5^.

In Mesolithic Stratum 2, a well-preserved skeleton of an adult male, aged between 30 and 40, was found in an extended supine position (Fig. [3](#Fig3){ref-type="fig"}). Paleopathological analyses undertaken according to established criteria described in literature^[@CR36],[@CR37]^ demonstrated mild osteophyte development on the distal right humerus and proximal right ulna suggesting a mild form of degenerative osteoarthritis on the right elbow, as well as marginal osteophyte development on the 2^nd^, 3^rd^, 4^th^ and 5^th^ lumbar vertebrae. Schmorl's defects were also present on the 1^st^ and 2^nd^ lumbar vertebrae. These defects result from protrusions of the nucleus pulposus of the intervertebral disc through the vertebral body endplate and into the vertebral body. During the excavation, because of the arid soil no traces of a burial pit have been found, but given the age difference between the radiocarbon measurements of Stratum 2 and the burial itself, it must have been dug into the earlier deposits.Figure 3Mesolithic burial from Vlakno cave*:* (**a**) View of the burial; (**b**) Close up of the skull; (**c**) Detail of the teeth and dental calculus.

The burial was directly AMS radiocarbon (^14^C) dated in two different labs: Beta-311088 measured a phalanx that gave a radiocarbon age of 8420 ± 40 BP, which calibrates to *ca*. 7468--7185 cal BC at 95% confidence; OxA-34518 made on the right proximal ulna shaft fragment yielded a radiocarbon age of 8490 ± 45 BP that calibrates to *ca*. 7591--7496 cal BC at 95% confidence. However, as discussed below, based on the stable isotope values obtained on this individual, the radiocarbon ages are likely to have been affected by a marine reservoir effect. Since the ^14^C results are probably several hundred years too old, the individual most likely falls somewhere towards the end of the 8^th^ millennium BC. At present, in the absence of a 'perfect pair' of datable material, which is contemporaneous with the burial but unaffected by a reservoir effect (e.g. the remains of terrestrial herbivores), it is not yet possible to determine the correction factor with certainty. The global marine reservoir age (ΔR) is assumed to be around 400 ^14^C years. A more precise value for calibration purposes is 405 ± 22 ^14^C years^[@CR38]^ while more refined estimates have recently been suggested for the Eastern Adriatic area depending on the type of sampled marine organism^[@CR39]^. However, three other Mesolithic radiocarbon measurements from Vlakno fall into the duration of the Early Mesolithic and are at least a 1000 years older than the date obtained on the burial^[@CR40]^. Presently, it is unclear whether the burial was interred during the Late Mesolithic at an abandoned site with the remains of an earlier Mesolithic occupation, or during the course of occupation in the Late Mesolithic.

Materials and Methods {#Sec3}
=====================

Dental calculus analysis {#Sec4}
------------------------

Dental calculus or tartar is the mineralised biofilm of dental plaque adhering to the tooth enamel, composed primarily of calcium phosphate mineral salts deposited between and within remnants of formerly viable micro-organisms^[@CR41]^. The continuous production of saliva in the mouth ensures the presence of minerals -- key for the formation of calculus^[@CR42]^. As the deposition of mineralised plaque ceases at the death of an individual with the production of saliva, the calcified plaque represents a sealed repository of unique human biographic information related to the individual's hygiene, dietary and non-dietary preferences and habits as well as lifestyle^[@CR20],[@CR22],[@CR43],[@CR44]^. To date, ancient dental calculus analysis has been applied to the study of humans and hominins, even on several million year old fossils, providing insights into their diets and evidence of materials (e.g. wood debris, charcoals and plant fibres) ingested or inhaled while performing daily life activities or using teeth as "third hand" in para-masticatory tasks^[@CR20],[@CR21],[@CR24],[@CR45]--[@CR47]^. Recently, it has been emphasised that non-dietary information entrapped in dental calculus has only been partially explored and understood^[@CR48]^.

Dental calculus was sampled from the well preserved and directly AMS radiocarbon (^14^C) dated skeleton recovered in Stratum 2 (Fig. [3](#Fig3){ref-type="fig"}). Mineralised plaque was removed using a metal dental pick. Gloves were worn at all times to reduce contamination. Once removed, the calculus samples were stored in sterile Eppendorf tubes and transported to the laboratory for analysis. Soil still adhering to the surface of the calculus was removed in the laboratory under a microscope. A fine sterile acupuncture needle with 0.06 N HCl was used to gently scrape off very small areas of dirt adhering to the surface. This procedure was essential due to the very small nature of the fragments of calculus available for analysis. This process was conducted using a stereomicroscope at a magnification up to 100x. Once the surface was sufficiently clean, calculus samples were washed in ultrapure water (up to three times) in order to remove any traces of sediment. This method allowed us to remove the dirt from the surface, which minimally affected the calculus whilst ensuring that the surface was completely free of contaminants. Then, the calculus was degraded in a weak solution of 0.06 N HCl in order to extract the microfossils entombed in the calculus matrix following established protocols^[@CR44]^. The contaminated soil was examined as an additional precaution. The dissolved calculus was mounted on slides using a solution of 50:50 glycerol and ultrapure water. Examination of microfossils in tartar was carried out using Zeiss and Olympus compound polarized microscopes (100x--630x) at the University of York and a Zeiss Imager2 polarized microscope (100x--600x) at Sapienza University of Rome. Starches were identified on the basis of their 3D morphology, presence and shapes of features (lamellae, hilum, bumps and depressions of their surface), characteristics of the extinction cross under polarized light microscopy. The reference collections of modern plants native to the Balkans, the Mediterranean region and Northern Europe housed at the Sapienza University of Rome and the University of York were used for comparison. In addition, samples of modern plants were provided by the Botanical Garden "Jevremovac" of Belgrade, the Genomics Research Centre (CREA) of Fiorenzuola d'Arda and the Agricultural Research Council (CRA) at Sant'Angelo Lodigiano in Italy. The same reference collection has been successfully by the authors in both dental calculus and stone tool analyses^[@CR21],[@CR22],[@CR24],[@CR44],[@CR49],[@CR50]^. Previously published literature on local flora was also considered during the analyses. It must be stressed that methodologies and criteria for the identification of archaeological starch granules and microfossils entrapped in dental calculus were also based on the study of renowned literature in the field of modern and ancient starch research^[@CR49],[@CR51]^.

Stable isotopes analysis {#Sec5}
------------------------

Carbon (δ^13^C) and nitrogen (δ^15^N) stable isotope analyses are routinely undertaken to reconstruct the dietary habits of past populations. Human bone is a complex mixture of organic and inorganic materials that is continually remodelled during a person's lifetime, and therefore at death the chemistry of the last 10--15 years of life is retained^[@CR52]^. Since bone is sensitive to contamination and decomposition from the burial environment, hydroxyapatite analyses were not performed. Carbon and nitrogen stable isotopes used in palaeodietary studies are often obtained from bone collagen and primarily relate to the protein content^[@CR53]^. This creates a bias towards the isotopic recognition of plant foodstuffs in comparison to other dietary resources^[@CR54]^. δ^13^C values primarily differentiate between marine and terrestrial foodstuffs, and as such a higher δ^13^C value reflects the long-term consumption of marine derived protein. It is widely acknowledged that the marine and terrestrial endpoints are −12 ± 1, and −21 ± 1‰ respectively^[@CR19]^. It is also possible to distinguish between C~3~ and C~4~ photosynthetic plants on the basis of δ^13^C values. In comparison, δ^15^N is an indicator of the trophic level hierarchy and can differentiate between freshwater organisms and terrestrial mammals as well as plants. δ^15^N values in terrestrial herbivores are generally between 4 and 7‰, while humans or carnivores higher up in the trophic level tend to have δ^15^N values 3 to 4‰ higher than the animals they consume^[@CR55]^.

Experimental analysis {#Sec6}
---------------------

The micro-debris found in the dental calculus was compared to a reference collection composed of micro-remains extracted from modern plants native to the Mediterranean, North African regions and Northern Europe. Non-dietary items, which might have been used for crafts or accidentally inhaled as dust during craft and dietary related activities (e.g. wood, plant and animal fibres, feathers, etc.), as suggested elsewhere^[@CR48]^, have also been considered as reference material. Agate mortars and distilled water were used to grind fresh and dry botanical and non-botanical samples following an established experimental protocol^[@CR49],[@CR50]^, which also included the use of different grinding modalities in order to document distinctive states in the starch granules or changes in size due to the preparation processes. Mortars were carefully cleaned between experiments with soap and hot water for a prolonged period of time. Boiled, ground, and chewed seeds were also considered as experimental reference items. The species relevant to the study are discussed in detail below (see results). Descriptive and interpretative criteria have been chosen according to internationally recognised standards in the field of modern and ancient starch granule research^[@CR56]^. Finally, due to the fish remains on site and contemporaneous sites in the region^[@CR30]^ an experimental reference collection of skin, flesh and scales of Mediterranean marine taxa was created. This collection included Atlantic mackerel (*Scomber scombrus* L.), gilthead sea bream (*Sparus aurata* L.), white sea bream (*Diplodus sargus* L.) and European seabass (*Dicentrarchus labrax* L.) that had been processed by a number of methods, including boiling or roasting. In addition, chewed remains were included as well as a range of terrestrial animal tissues, including hair, skin and flesh particles, bone, cartilage, etc. to aid the identification of possible fish and mammalian tissues in tartar.

Results {#Sec7}
=======

Dental calculus {#Sec8}
---------------

### Plant residues {#Sec9}

More than 30 starch granules were retrieved from the dental calculus. These were derived from two different morphological types, later assigned to the Triticeae (wheat and barley tribe) potentially to the Poeae (oat tribe) tribes of the Poaceae Families (grasses).

Type I. Various small compound granules found in large sub-oval aggregates represent the first and most numerous typology of starch granules found in the Vlakno dental calculus (Fig. [4a](#Fig4){ref-type="fig"}). The size and shape of these lumps that were often intact and often still embedded in the calculus matrix, can be compared to those characterising species of many genera of the Poeae Tribe (oats tribe) in our reference collection such as *Avena sterilis* L., *Avena barbata* Link., *Avena fatua* L. and *Phalaris minor* Retz., although other tribes of grasses growing in the Adriatic region of the Balkans, the Sesleriinae (e.g. *Sesleria albicans* Kit., *Sesleria caerulea* L., *Sesleria* Ard., S. *tenuifolia* Schrad., etc.), could not be excluded (Fig. [5a--e](#Fig5){ref-type="fig"}).Figure 4Plant and animal micro-residues identified in Vlakno tartar: (**a**) Lumps of starch granules still embedded in the calculus matrix; (**b**) Starch granules with bimodal distribution; (**c**) Conifer wood fibre; (**d**) Fragment of fish scale entrapped in calculus matrix; (**e**) Fragment of fish flesh; (**f**) *C*. *placentula* diatom.Figure 5Modern starch granules used as reference: (**a**) *Avena sterilis*; (**b**) *Avena fatua*; (**c**) *Sesleria cerulea*; (**d**) *Phalaris minor*; (**e**) *Phalaris paradoxa*; (**f**) *Hordeum marinum*; (**g**) *Hordeum bulbosum*; (**h**) *Hordeum secalinum*.

Type II. The second type of starch granules is characterised by a "bimodal distribution", which has been shown to be a characteristic of most grasses of the Triticeae tribe (Fig. [4b](#Fig4){ref-type="fig"}). These granules were found intact or with some damage but with characteristics still visible (including lamalleae), lodged close together in the amyloplast and calculus matrix. In addition, some charcoal flakes still adhered to them, possibly from smoke in the environment or from roasted food. The bimodal distribution in the archaeological granules was characterised by the co-presence of large and small granules, respectively known as Type A and B. In the Vlakno calculus, the large starch granules (*ca*. 23μm in diameter) were oval to round in 2D and lenticular in 3D. They had a central hilum, deep fissures and no visible lamellae. Their morphology is not completely intact, which is very likely due to some form of processing and/or cooking as well as chewing. The small granules (≤10 μm in diameter) were spherical in shape with a central hilum. Based on our previous work, to which we demand for a detailed discussion^[@CR49]^, we highlight the following points. We exclude the possibility that the archaeological granules belonged to the *Aegilops* genus as they are mostly spherical and oval and lacked lamellae, which, on the contrary, are visible through the whole starch body of granules belonging to the six species of the *Aegilops* genus represented in the flora of region (*Aegilops cylindrica* (Host.) Ces., *Aegilops geniculata* Roth., *Aegilops lorentii* Hochst., *Aegilops neglecta* Req. ex Bertol., *Aegilops triuncialis* L., and *Aegilops uniaristata* Vis.)^[@CR57]^. Indeed, the high number of Type B small round granules in our sample as well as the absence of clear lamellae on the body of Type A granules suggest that the identified archaeological starch granules may belong to one of the wild species of barley (*Hordeum* spp.) (e.g. *Hordeum bulbosus* L., *Hordeum marinum* Huds., *Hordeum murinum* L., *Hordeum secalinum* Schreb.), which are commonly found and identified in the flora of the region^[@CR58]^ (Fig. [5f--h](#Fig5){ref-type="fig"}).

A variety of plant remains not consisting of starch granules were also found. Although a portion was too damaged to be diagnostic, some micro-remains were attributed to a non-dietary origin. In particular, two wood fragments with characteristic conifer tracheid fibres were identified (Fig. [4c](#Fig4){ref-type="fig"}, cf. Supplementary Information), and were very similar to those retrieved in a previous study^[@CR24]^, demonstrating that this kind of evidence does preserve in calculus. Bast fibres still embedded in the calculus matrix were also retrieved (Fig. [6a](#Fig6){ref-type="fig"}). When observed under polarised light, these fibres possessed characteristics such as a narrow lumen and a dislocation band, which are known to be a characteristic of plants used for their fibrosity in cordage and textiles (e.g. nettle, flax and hemp)^[@CR59]^. On the basis of our reference collection, the region and chronological context we suggest that the fibres could belong to nettles (*Urtica* spp.). Two damaged grains of conifer pollen were also identified, supporting the identification of the wood debris as that of conifer (Fig. [6b](#Fig6){ref-type="fig"}).Figure 6Non-dietary micro-debris identified in archaeological tartar: (**a**) Nettle fibre; (**b**) Conifer pollen; (**c**) Fragment of feather  barbule.

### Animal micro-remains {#Sec10}

Three fragments of fish scale(s) were found lodged *in situ* in the Vlakno calculus (Fig. [4d,e](#Fig4){ref-type="fig"}). Although incomplete, the characteristic radii (Fig. [4d](#Fig4){ref-type="fig"}) and circuli (Fig. [4e](#Fig4){ref-type="fig"}) were clearly visible under polarized light. They were all whitish in colour. While dental calculus fragments can sometimes visually appear similar to a fish scale visually (as they form by apposition of the bacterial concretions) this possibility was excluded by injecting additional HCl to the slide where the remains were found. By doing so, it was possible to further free a part of the scale and observe the dissolution of the calculus adhering to it. Thus, excluding the possibility that the observed structure was a fish scale and not a fragment of calculus. Despite our reference collection, we were unable to identify the scale to the family or species taxonomic levels due to a lack of diagnostic features. That being said, structurally the remains were very similar to the Scombridae (tunas, mackerel) and gilthead sea bream scales (Fig. [7a--c](#Fig7){ref-type="fig"}) from our experiments. In addition, at least two fragments of animal micro-debris were also identified and interpreted as fish muscle bands on the basis of comparison with our experimental reference collection. They were white-yellowish in colour and composed of W-shaped parallel fibres often distorted but still adhering to the calculus matrix. To our knowledge, this is the first time that fragments of fish scale(s) and muscle fibres have been identified in dental calculus.Figure 7Experimental fish tissues: (**a**) Scale fragment from a gilthead sea bream; (**b**) and (**c**) Fragments of Atlantic mackerel flesh.

Among the animal micro-fragments, numerous barbule fragments were found in the archaeological calculus and tentatively attributed to the Anatidae family based on their shape, features and distance of their nodes (Fig. [5c](#Fig5){ref-type="fig"} and Supplementary Information).

### Other micro-remains {#Sec11}

Two comparable diatoms were recovered entrapped in the calculus matrix (Fig. [4f](#Fig4){ref-type="fig"}). The morphological characteristics observed at transmitted light indicate that both remains belong to *Cocconeis placentula* (Ehrenb.) a very widely-distributed diatom found in almost all freshwater or brackish water where the pH is circum-neutral or alkaline. *C. placentula* (Ehrenb.) is very common in benthic habitats, where it attaches to rocks, macrophytes and algae. It is a fast-growing, pioneer species that is able to colonise bare substrates quickly. Although *C. placentula* (Ehrenb.) is found throughout the year, such the diatom is most abundant in rivers in the summer where it can form 80--90% of all individuals present in an epilithic sample.

Stable isotope analysis {#Sec12}
-----------------------

During the AMS radiocarbon (^14^C) dating, the δ^13^C and δ^15^N stable isotope values of −16.1 and 13.0‰ respectively were obtained by the Oxford Radiocarbon Accelerator Unit whilst a δ^13^C isotope value of −16.6‰ was obtained by Beta Analytical. The δ^13^C values are presently some of the highest obtained from human bone collagen dating to the Mesolithic in the Mediterranean basin^[@CR14],[@CR15],[@CR17]^, and suggest a significant contribution of marine derived protein. Using a rudimentary linear model^[@CR60]^ we have estimated that the individual acquired protein of the order of 46.1% from marine organisms. Moreover, the δ^15^N is the highest in the region^[@CR14],[@CR15],[@CR17]^ and suggests that the foods consumed were rich in protein. In agreement with Mannino *et al*.^[@CR15]^ marine organisms higher up in the trophic level hierarchy are likely to have been consumed although terrestrial animals should not be ignored. In order to obtain a dietary baseline for the human interred at Vlakno, we also analysed three different terrestrial mammal species, red deer, hare (*Lepus* sp.) and red fox. These data are listed in Table [1](#Tab1){ref-type="table"} and presented in Fig. [8](#Fig8){ref-type="fig"}. The δ^13^C and δ^15^N stable isotope values were within the range of values obtained previously from Croatia^[@CR27]^.Table 1Stable isotope data obtained on the human bone collagen as well as those data obtained from the three terrestrial species (that were measured in duplicate) from the Mesolithic levels of Vlakno Cave. Key: n.d., no data.SampleContextSpeciesElementδ^13^C VPDBδ^15^N AIRC:N atomic ratioBeta-311088Burial 1*Homo sapiens*Phalanx−16.6n.d.n.d.OxA-34518Ulna, dex.−16.113.03.21ASector East, sq. 15, context 14*Cervus elaphus*Metatarsus−20.55.23.31B−20.35.33.3**1 Mean**−**20**.**45**.**23**.**3**2ASector East, sq. I5, context 14*Cervus elaphus*Phalanx I−20.84.33.32B−20.74.23.3**2 Mean**−**20**.**84**.**33**.**3**3ASector East, sq. I5, context 14*Vulpes vulpes*Radius−20.66.63.63B−20.87.23.6**3 Mean**−**20**.**76**.**93**.**6**4ASector East, sq. I5, context 14*Vulpes vulpes*Femur−19.37.43.34B−19.47.53.3**4 Mean**−**19**.**37**.**53**.**3**5ASector East, sq. I5, context 14*Lepus* sp.Tibia−22.03.23.45B−21.83.23.4**5 Mean**−**21**.**93**.**23**.**4**Figure 8Stable isotope analysis. (**A**) δ^13^C and δ^15^N stable isotope data obtained on human and mammalian bone collagen from Vlakno (squares) compared with data from Mesolithic human and faunal remains (circles) throughout Croatia (data from)^[@CR16],[@CR27]^; (**B**) δ^13^C and δ^15^N stable isotope data obtained on human bone collagen from Vlakno (square) compared with data from 66 Mesolithic and/or Mesolithic-Neolithic humans (circles) from Corsica (green), Croatia (red), Sicily (blue) and Spain (orange) (after)^[@CR10]--[@CR17],[@CR25]--[@CR27],[@CR61],[@CR76]^. Note that the plotted data represents samples that were securely assigned to the Mesolithic, which also had a C:N atomic ratio between 2.9--3.6^[@CR77]^.

Discussion {#Sec13}
==========

In the last 15 years, a growing body of evidence has significantly contributed to our understanding of dietary habits in pre-agrarian societies of the Mediterranean basin. In light of this, the role of marine resources and plant foods still remains unclear due to various methodological hindrances: a focus on protein-sensitive methods, the poor preservation of plant and fish remains, and the lack of systematic recovery techniques for organic residues. This ambiguity is particularly significant for forager groups who lived in close proximity to the coast or on the islands of the Central Mediterranean^[@CR7],[@CR61]--[@CR63]^.

At the beginning of the Holocene, a wide range of available vegetal resources became available due to the newly established environmental conditions in the Eastern Adriatic region^[@CR64]--[@CR66]^. While the recovery of two different group of plants from one individual is suggestive that carbohydrate-rich resources were   a part of the dietary habits of the Mesolithic forager from Vlakno, understanding how   different plant foods contributed to the Mesolithic diet of the Vlakno group is challenging as no direct correlation can still be drawn between the presence of plant micro-remains in ancient calculus, the quantity of plant foods that entered the diet and the moment those were consumed by the individual^[@CR23]^. Yet, botanical microfossils recovered in the archaeological dental calculus seem to strongly suggest different species of plants were selected and consumed by the individual and potentially local foragers as a part of their diet and culinary tradition. Besides the botanical remains trapped in Vlakno calculus, direct archaeological evidence for the consumption of plant foods in the Adriatic region during the Mesolithic is restricted to the site of Vrbička Cave in Montenegro where fragments of hazelnut shells were recovered from the Late Mesolithic layers after extensive flotation^[@CR67]^. To the south, the remains of pears and a few peas since *ca*. 7300 cal BC and wild oats and barley after *ca*. 7000 cal BC are known from the site of Franchti Cave in Greece^[@CR68]^. On the other side of the Adriatic, oats (*Avena* sp.) have been consumed since the Middle Upper Palaeolithic. At the site of Apulia in Italy, starch granules and phytoliths have been identified on Gravettian ground stone tools at the cave site of Paglicci^[@CR69]^. During the Early Holocene data concerning the consumption of plant resources is derived from Grotta di Pozzo in the Fucino Basin of Abruzzo where carpological remains of bearberry, cornelian cherry and wild grapes were recovered^[@CR70]^. Lastly, the possible consumption of plant foods is also available for the Mesolithic foragers at Grotta dell'Uzzo in Sicily based on the stable isotope data^[@CR13],[@CR14]^.

While animal micro-residues have rarely been found in the course of dental calculus microfossil analysis, the analysis of the Vlakno individual yielded the exceptionally well-preserved fragments of fish flesh and scales. This was possible due to the anatomy of the fish scale, which may have provided an ideal substrate for the bacterial to grow over and above it, as demonstrated by the need of adding further HCl to the slide to free the scale to permit identification. Such evidence is unique and emphasises the potential of ancient tartar to capture other lines of evidence than plant remains. While we cannot confidently confirm when flesh and scale(s) fragments were entrapped in the tartar, the abundance of fish remains in the Mesolithic layers of Vlakno as well as the stable isotope data demonstrate that marine resources were regularly consumed by the individual; alternatively, de-scaling activities using teeth may have taken place. Tartar formation depends on different factors and can vary from one individual to another. While it was not possible to identify the scale to the family or species taxonomic levels, abundant Atlantic chub mackerel (*Scomber colias* Gmelin.), gilthead sea bream and cuttlefish remains have been recovered in the Mesolithic layers of Vlakno cave^[@CR34]^. The abundance of fish remains from the Mesolithic layers at the site demonstrates that Vlakno cave may have been used seasonally for fishing^[@CR5]^. Not far from Vlakno cave, the site of Vela Spila on the Island of Korčula yielded numerous fish remains^[@CR30]^. The assemblage was dominated by the cf. Atlantic chub mackerel (*Scomber colias*), and it was suggested that the specialised capture and processing of this species took place during the Mesolithic and Neolithic periods. Although no comparison can be made between the numerous fish remains recovered from Mesolithic sites in the westernmost part of the Mediterranean^[@CR71]^ or Northern Europe and the Atlantic^[@CR72]^, at Vela Spila nearly half a ton of Atlantic chub mackerel was processed during the Early Mesolithic^[@CR30]^. Moreover, additional evidence relating to fishing in the Central Mediterranean derives from Sicily where at Grotta dell'Uzzo and Grotta d'Oriente the archaezoological remains document an increase in the exploitation of fish throughout the Mesolithic and across the Mesolithic-Neolithic transition^[@CR73]^.

The stable isotope values obtained from the Vlakno individual corroborate the data obtained from the analyses of the dental calculus and animal remains. As such these data demonstrate that protein-rich foods (probably marine resources alongside C~3~ terrestrial animals) were consumed. Previous stable isotope analyses in the Eastern Adriatic region suggests that terrestrial resources, particularly red deer and wild boar (*Sus scrofa* L.), were preferentially consumed during the Mesolithic even at coastal localities^[@CR15],[@CR27]^. There are only a few examples that demonstrate the consumption of marine derived protein, a long bone from El Collado (δ^13^C = --17.6‰, δ^15^N = 12.8‰), and a cranium from the site of Grotta dell'Uzzo (δ^13^C = --16.2‰, δ^15^N = 12.8‰)^[@CR15],[@CR26]^. Whilst the current sample size is based on one individual and possibly unrepresentative, it differs from the previously noted Mediterranean Basin-wide trend of predominately terrestrial-based diets during the Mesolithic^[@CR74],[@CR75]^, and which was recently also emphasised for the Mesolithic of Sardinia, Sicily and the Egadi islands^[@CR9],[@CR12],[@CR14]^.

Microfossils below 20μm in size, demonstrate the potential use of plant fibres for non-dietary purposes, (e.g. the masticatory apparatus). For instance, portions of wood fragments and xylem tissue are not edible parts of plants, as noted previously^[@CR24]^. Both bast fibres and wood are potentially the remains resulting from non-dietary activities, which may have included holding, softening or shredding plant fibres for cordage, textile, basketry, net-making and the use of tooth picks, wooden culinary tools, the exposure to smoke from fireplaces as well as dust generated while plucking birds or other crafts. The use of teeth as a "third hand" in para-masticatory activities and oral hygiene may also be possible explanations for the presence of non-alimentary dust in the tartar. Diatoms were also identified in the calculus matrix, which may have derived from a freshwater source in the vicinity of the cave, which the individual had exploited. The recovery of these micro-residues in the calculus matrix confirms the potential of tartar to act as an archaeological repository of environmental as well as occupational debris^[@CR48]^.

Conclusions {#Sec14}
===========

This contribution details an osteobiography of an adult male individual from a lone Mesolithic burial found in Vlakno Cave on the Island of Dugi Otok in the Croatian archipelago. As our data refer to a single individual they are not expected to provide a comprehensive picture of dietary habits of the period and region. However, our presentation of dietary information available for this individual based on the study of dental calculus along with stable isotope data, and contextualised with the existing archaeological data, provides a significant insight into the lifeway's of Adriatic and Mediterranean Holocene foragers. Methodologically, we have also shown the potential of dental calculus to provide not only plant-related evidence but also to contribute to the reconstruction of non-dietary related practices of the everyday. By integrating two different strands of data---the analysis of microfossils entombed in dental calculus and the stable isotope analysis of bone collagen---we were able to document how carbohydrate-rich plants and marine resources contributed to Mesolithic food ways. While the data presented in this study remains limited, it potentially demonstrates that Mesolithic dietary strategies in the Eastern Adriatic may have differed from areas in the central and western parts of the basin.

Statement {#Sec15}
---------

No experiments on live vertebrats have been performed for the study. All methods reported in the paper were carried out in accordance with relevant guidelines and regulations.

Electronic supplementary material
=================================

 {#Sec16}

Supplementary Information

**Electronic supplementary material**

**Supplementary information** accompanies this paper at 10.1038/s41598-018-26045-9.

**Publisher\'s note:** Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

We warmly thank Nicola Angeli (MUSE, Trento) for the characterisation of diatoms recovered in ancient tartar and Dragana Filipović for productive conversations on wild Triticeae species in Croatia. E.C. is mostly grateful to Renata Šostarić for she provided key information on the local flora and vegetation in Dalmatia. We acknowledge funding received for this project through the European Research Council (ERC Starting Grant Project HIDDEN FOODS, G.A. no. 639286 to E.C.). H.K.R. should like to thank Rick Schulting, Chris Meiklejohn and André Carlo Colonese for advice and the British Academy for funding. Research at Vlakno cave is funded through the project of Croatian Science foundation (UIP 2014-09-1545, VLAKNO).

E.C. conceived and planned the project. E.C., A.R. wrote the paper and performed analytical work and data analysis on dental calculus. D.B. and H.K.R. performed the stable isotope analysis and interpreted the data; H.K.R. compiled the Supplementary Information. E.C. and G.M. directed and executed the sampling of archaeological materials, D.V. directed excavations, provided insights into the study region and the site. M.S. contributed on the osteobiography of the Mesolithic individual. E.C. produced Figures 1--7. H.K.R. produced Figure 8. The satellite imagery in Figure 1 was obtained from Natural Earth, <http://www.naturalearthdata.com/> and the mapping software used was MapServer, <http://mapserver.orgvia> PHP MapScript, which was created by A.Z. All authors read, revised and approved the final version of the manuscript.

Competing Interests {#FPar1}
===================

The authors declare no competing interests.
